at/j-type small, acid-soluble proteins (SASP) of dormant spores ofBacilus subtilis bind to DNA and increase its resistance to a variety of damaging agents both in vivo and in vitro. When spores germinate, degradation of aWO-type SASP is rapidly initiated by a sequence-specific protease, which is termed GPR. Three mutations have been introduced into the B. subtilis sspC gene, which codes for the wild-type cu/p-type SASP SspC"t; all three mutations change residues in the highly conserved sequence recognized by GPR. In one mutant protein (SspCV), residue 33 (Ser) was changed to Val; in the second (SspCDL), residues 30 and 31 (Glu and Ile) were changed to Asp and Leu, respectively; and in the third mutant protein (SSpCDLV), residues 30, 31, and 33 were changed to Asp, Leu, and Val. All three mutant proteins were rapidly degraded by GPR during spore germination, and SSpCDL and SspCDLV were degraded by GPR in vitro at rates 8 to 9N% of that for SspC"', although not exclusively at the single site cleaved by GPR in SspC"'. These results indicate (i) that the sequence specificity of GPR is broader than originally imagined and (ii) that GPR can cleave the sequence in SspCDLV.
Approximately 10 to 20% of the proteins in dormant spores of Bacillus species form a group of small, acid-soluble proteins (SASP), which are synthesized in the developing spore midway in sporulation and degraded early in spore germination, thus providing amino acids for protein synthesis (20, 22) . These proteins are of two types. The a/n-type SASP are nonspecific DNA binding proteins involved in various aspects of spore resistance (2, 10, 17, 21) and are encoded by a multigene family, and their amino acid sequences have been highly conserved throughout evolution (20, 22) . The -y-type SASP have no known function other than to provide amino acids by their degradation during spore germination and are encoded by a single gene, and their amino acid sequences are not nearly as conserved throughout evolution as are those of a/,-type SASP (20, 22) .
Degradation of both types of SASP is initiated during spore germination by a sequence-specific endoprotease, termed GPR, which cleaves once in a//p-type SASP and at two or three places in y-type SASP ( Fig. 1) (6, 20) . GPR is also synthesized in the developing spore only during sporulation and as an inactive precursor which is termed P46 (14, 20) . This precursor is processed to an active enzyme (termed P41) about 2 h later in sporulation by a single proteolytic cleavage, removing 15 or 16 amino-terminal residues (depending on the species) (14) . (14) (Fig. 1 ). This observation, as well as a variety of other data, has led to the suggestion that P46 autoprocesses to P41 (4, 14) . However, the P46->P41 cleavage site sequence is not identical to the highly conserved sequence in GPR cleavage sites in SASP (4, 14) (Fig. 1) . Consequently, it seemed worthwhile to directly prove that GPR can cleave proteins at sequences identical to that in the P46-_P41 cleavage site. Thus, we have generated mutant ot/p-type SASP in which the GPR cleavage site has been changed to that of the P46->P41 cleavage site and have assessed the abilities of these mutant proteins to serve as GPR substrates. In addition, since previous work (24) has shown that alteration of residues highly conserved in ot/p-type SASP greatly decreases the binding of these proteins to DNA, we have analyzed the mutant proteins generated in the present study for their ability to bind DNA in vivo and in vitro.
MATERIALS AND METHODS
Bacteria and plasmids used and isolation of DNA. The bacterial strains and plasmids used in this work are listed in Table 1 . Escherichia coli strains were routinely grown at 37°C in 2x YT medium (4) . Bacillus subtilis strains were grown and sporulated at 37°C in 2x SG medium (3), and spores were purified and germinated as described previously (14) . Antibiotics were added to the following final concentrations: ampicillin, 50 ,ug/ml; and kanamycin, 10 ,ug/ml. Plasmid DNA was isolated from E. coli or B. subtilis cells as previously described (1, 11 induced by the addition of isopropyl-o-D-galactopyranoside (IPTG; 0.5 mM) to E. coli strains (generally grown to an optical density at 600 nm of 0.3) carrying the appropriate sspC genes in plasmid pDG148 as described previously (9, 24) . The E. coli cells were harvested 2.5 h after the addition of IPTG by centrifugation (10 min; 8,000 x g), and the cell pellets were frozen and lyophilized. The dry cells (up to 100 mg) were broken by rupturing for 2 min in a dental amalgamator (Wig-L-Bug) with glass beads (--100 mg) as the abrasive. SASP were extracted from the dry powder with cold 3% acetic acid-30 mM HCl as described previously (9) . In experiments for SASP analysis from small (20-ml 5.5) . SspC adsorbed to this column and was eluted with a salt gradient as described previously (9) . In vitro mutagenesis of the sspC gene. As described previously (24) , the 0.6-kb HindIlI fragment containing the sspC gene was cloned in the HindIII site of plasmid pTZ19U, with the amino-terminal coding sequence adjacent to the universal primer site. Oligonucleotide-directed mutagenesis was carried out as described previously (24) with two different oligonucleotides designed to change residues around the GPR cleavage site. The oligonucleotides used (with changes from the wildtype sequence underlined) were 5'-GAAACTTGACCTAGC T£iTTGAGT-3' (oligonucleotide 1) and 5'-GAAACTTGAA/ -CA/CTAGCTrITGAGT-3' (oligonucleotide 2). These oligonucleotides are from residues 81 to 103 of the coding sequence of the sspC gene and change amino acid 30 (Glu) to Asp, amino acid 31 (Ile) to Leu, and amino acid 33 (Ser) to Val (1) (Fig. 2) . Mutant plasmids were identified by DNA sequence analysis, with oligonucleotide 2 generating the mutant with the Val alteration alone. Oligonucleotide 1 was used to isolate the Asp-Leu mutation; a second mutagenesis reaction with oligo- is given in the one-letter code; dots above residues denote every 10th amino acid. Residues conserved in -85% of all known cx/I3-type SASP of Bacillus species (6, 20) are in larger letters. The initiating methionine residue which is removed posttranslationally (1) is underlined. The site of GPR cleavage in SspC' is denoted by the arrow labeled 1 above the sequence; the major site of GPR cleavage of SspCDL and SspCDLV found in this work is denoted by the arrow labeled 2 above the sequence. Residues altered in this work are denoted by the longer vertical arrows below the sequence; the residue or residues substituted are at the ends of the arrows. Residues altered in previous work (24) are denoted by the shorter arrows. The variants with Ala instead of Gly and Gln instead of Lys are termed SspCA and SspC1, respectively. nucleotide 1 and the sspC gene carrying the Asp-Leu mutation as a template generated the Asp-Leu-Val mutant. The appropriate mutant HindIII fragments were then ligated with Hindlll-cut plasmid pDG148, and the mix was used to transform E. coli UT481 to ampicillin resistance. This strain was used because it has a high level of lac repressor, which prevents sspC transcription from the spac promoter of plasmid pDG148. We used this strategy because synthesis of SspC' can kill E. coli (16) . Plasmids from appropriate clones were identified by colony hybridization and were digested with EcoRV; plasmids giving 0.7-, 1.2-, and 7-kb fragments were identified as having the sspC gene under the control of the spac promoter of pDG148 (1, 24) . These plasmids were used to transform E. coli JM107 (which has a low wild-type level of lac repressor) the day before SASP expression was to be measured.
For expression of SspC variants in B. subtilis, the ends of the 0.6-kb HindIll fragment containing a mutant sspC gene were filled in with the large fragment of E. coli DNA polymerase, the fragment was ligated with HpaI-cut pPS1916, and the mix was used to transform E. coli JM83 to ampicillin resistance. Clones carrying inserts were identified by colony hybridization, and plasmids in which the sspC gene is just downstream of the plasmid's sspB promoter were identified as giving 0.7-, 3.5-, and 4.2-kb fragments upon digestion with EcoRV and HindIII. These plasmids were digested with BamHI to remove pUC19 sequences (24) , religated, and used to transform B. subtilis to kanamycin resistance. The resulting plasmids carry the sspC gene under the control of the sspB gene's promoter and thus express SspC only in the forespore at the appropriate time in sporulation (24) . These plasmids are also present in high copy number, giving multiple copies of sspC in developing spores (24) .
Analytical procedures. Analysis of the heat resistance and UV resistance of cleaned spores was as previously described (8, 24) . Measurement of the ability of purified SspC variants to provide DNase I resistance to EcoRI-linearized plasmid pUC19 or poly(dG) * poly(dC) was carried out essentially as described previously (19) .
Analysis of the rate of GPR cleavage of purified SspC was carried out with 10 mM Tris-acetate (pH 7.0)-2 mM CaCl2 with 1 mg of SspC per ml. Incubations (100-,lI mixtures) at 37°C were begun by the addition of purified GPR (P41), aliquots (10 RI) were taken at various times and frozen, 10 pAl of 8 M urea plus 10 plI of acid diluent was added, and aliquots (10 to 20 pI) were analyzed by polyacrylamide gel electrophoresis at low pH (24) . In some experiments, samples digested to completion were run on gel electrophoresis as described above, transferred to polyvinylidene difluoride paper (Immobilon), and stained lightly with Coomassie brilliant blue R, and the bands were subjected to automated protein sequence analysis as described previously (4) . (Fig. 1) . However, this position is occupied by Phe in all y-type SASP that have been analyzed (Fig. 1) . The third mutation changed residues 30, 31, and 33 to Asp, Leu, and Val, respectively. This mutant gene was termed sspCDLV, and its product was termed SSpCDLV. The pentapeptide region around the GPR cleavage site in SSpCDLV (-DLAVE-) is identical to that cleaved by GPR when it is processed from the P46 zymogen to active P41 and is similar to a second cleavage site at which P41 is cleaved further to the smaller P39 (4) (Fig.  1) . The P41--P39 cleavage has been shown to be a self-cleavage reaction (4).
RESULTS

Construction
Expression of mutant sspC genes in E. coli and B. subtilis. As found previously (9), we were able to obtain synthesis of all three SspC variants in E. coli by expression of the mutant sspC genes under control of the lac promoter (data not shown). All three SspC variants were expressed to significant levels (data not shown), and this facilitated purification of SSpCDL and SSpCDLV to greater than 85% homogeneity. Amino acid or protein sequence analysis of the purified proteins confirmed that the mutations had caused the desired amino acid changes (data not shownv). For reasons that are unclear, we were unable to purify SspC , since this variant consistently adsorbed irreversibly to carboxymethyl cellulose columns.
We also overexpressed the SspC variants in B. subtilis from a multicopy plasmid under control of the strong foresporespecific sspB gene promoter. Previous work has shown that this results in high levels of SspC'W and SspC variants in spores (16, 24 (15) a The rate of cleavage of SspC variants by GPR in vitro was measured as described in the legend to Fig. 3 and in Materials and Methods. The site(s) of GPR cleavage was established by automated protein sequence analysis, as described in Materials and Methods, of peptides produced from a digestion that had gone to completion (i.e., Fig. 3A, lane 5) .
b Values are expressed relative to the rate with SspCW", which was set as 100%.
c Residue numbers given are as described in the legend to Fig. 2 . Values in parentheses are the percentages of the protein cleaved at these residues as determined by automated protein sequence analysis of samples digested to completion, as described in Materials and Methods.
vitro, we note that the rates of GPR cleavage between residues 30 and 31 of SspCDL and SspCDLV were essentially identical (Table 3) . Thus, it appears unlikely that substitution of a valine for the usual serine in the fifth position in the cleavage site sequence in a SASP (Fig. 1) slows GPR cleavage significantly.
Effects of SspC variants in E. coli and B. subtilis. As noted above, significant levels of all three SspC variants could be accumulated in E. coli. However, in contrast to the effect of SspC'W, which rapidly shuts off E. coli growth because of binding to the cell's nucleoid, we obtained somewhat different results with several of the SspC variants (Fig. 4) (16) . While induction of SspCv synthesis resulted in significant slowing of E. coli growth, SspCDL had less of an effect, and SSpCDLV had no apparent effect (Fig. 4) . Since similar amounts of all three SspC variants were accumulated in E. coli (data not shown), these findings suggested that SSpCDL and SSpCDLV bound significantly more weakly to DNA than did SspC't. While several other SspC variants bind much more weakly to DNA than SspC't, these variants (SspCA and SspC0) have alterations in the extremely highly conserved more carboxyl-terminal region that is thought to be involved directly in DNA binding (Fig. 2) (13, 24) . Thus, residues in the GPR cleavage region may also play some important role in DNA binding.
To examine this last possibility further, we analyzed the Fig. 3 and Table   2 , using 2.5 x 105 U/mg as the specific activity of P41 (4) and a molecular mass of 40 kDa for the GPR subunit. The rate of SspC'W degradation in vivo is from germinating spores of pPS1450 using a molar ratio of SspC-to-GPR subunits (in grams) in dormant spores of -100/1 (14, 20, 24) . The rate of GPR processing from P46-P41 in vivo is from data in reference 14, which indicate that this processing reaction takes -2 h to reach 80% completion during sporulation. Growth of E. coli expressing wild-type and mutant SspC. E. coli JM107 carrying plasmids directing IPTG-dependent expression of SspC variants were grown to an optical density at 600 nm of 0.3, IPTG was added, and growth was monitored. The symbols denoting the plasmids (and the proteins produced) in the strains analyzed are as follows: 0, pDG148; 0, pPS1988 (SspCDLV); A, pPS1987 (SspCDL);
A, pPS1986 (SspCV); and O, pPS708 (SspC"").
effect of accumulation of SspC variants in B. subtilis spores, which was achieved as described above. The B. subtilis strain used for expression of the SspC variants was PS356, which carries large deletions in the two genes (sspA and sspB) coding for the major B. subtilis a/P-type SASP. The spores of this strain (termed a-&-spores) lack the majority of their a/,B-type SASP and are much more sensitive to heat and UV irradiation than are wild-type spores (Table 4) (7, 8) . However, much of the heat and UV resistance of a-,-spores is restored by (except for lane 1 of panel B), and samples were analyzed by agarose gel electrophoresis as described previously (19) . The additions to the incubation mixtures in the various lanes were as follows: (A) lane 1, SspC"' (12 ,ug) (19, 24) . As found previously (19) , SspC' provided substantial DNase resistance to linear pUC19 at a protein/DNA ratio (wt/wt) of -5/1 (Fig. 5A, lane 1) . This ratio is approximately that needed to saturate this DNAwith SspC'W (19) . In contrast, SspCDL and SspCDLV gave pUC19 no detectable DNase resistance, even at a protein/DNA ratio of 12/1 (Fig. 5A, lanes   2 and 3) . While SspC't does bind to essentially random sequence DNAs such as pUC19, the DNA bound best by all a/P-type SASP is poly(dG) -poly(dC) (19) SspCDLV is 60-to 70-fold lower than that of the Glu-Ile bond in SspC' (Table 3) , the rate of cleavage of this bond in SspC LV is 50 to 60 times faster than is conversion of P46 to P41 in vivo (Table 3) . Thus, GPR can cleave sequences identical to those in the P46-'P41 cleavage site at rates more than fast enough to be consistent with an autoprocessing model for generation of P41, although admittedly this is an extrapolation from GPR cleavage in trans to GPR cleavage in cis. Surprisingly, analysis of the GPR cleavage products from SspCDL and SSpCDL indicated that GPR can also cleave a second site in these proteins (Table 3) . While cleavage of this second site is slower than cleavage of the Glu-Ile bond in SspC'W, it is -5 times faster than cleavage of the Asp-Leu bond in SSpCDL and SspCDLV. The sequence around this second cleavage site (Fig. 2, arrow labeled 2) shares three amino acids (Glu-Phe-Gly) found in several GPR cleavage sites in -y-type SASP (Fig. 1) , and, as we have shown in this work, a Val residue in the fourth position in the cleavage site sequence probably slows GPR cleavage little if at all. However, the Gln residue in the fifth position of this second cleavage site is unique, since this position is Glu in all other known GPR cleavage sites (Fig. 1) . Clearly, the substrate specificity of GPR is broader than was initially imagined, and features in addition to amino acid sequence-possibly, lack of significant secondary structure-may also be important in determining good GPR substrates.
It is, of course, possible that the sequence around the GPR cleavage site is not the major determinant for GPR recognition and that this is instead far removed from the cleavage site itself. Consequently, changes in the cleavage site sequence might only reduce but not abolish GPR cleavage. We believe that this explanation is extremely unlikely for several reasons. First, the SspC variants SspCA and SspCQ, which have alterations in the more carboxyl-terminal highly conserved region, are cleaved by GPR in vitro as fast as is SspC'W (18) . Second, and most tellingly, we have recently obtained autoprocessing of GPR from P46->P41 in vitro (5), with the cleavage generating P41 taking place at the site cleaved in vivo which is identical to that cleaved in SspCDLV (Fig. 1) . Since a/v-type SASP and GPR have no sequence homology other than in this cleavage site, this is strong evidence that it is this sequence which is GPR's primary recognition determinant.
The mutants generated in this work increase to five the number of SspC variants in which residues conserved in essentially all a/,-type SASP have been altered . (Fig. 2) . It is striking that these SspC variants, with the possible exception of SspCV, bind to DNA significantly more poorly than does SspC'W. The two SspC variants studied previously (SspCA and SspCQ; Fig. 2 ) had changes in the more carboxy-terminal extremely highly conserved region, which is thought to be involved directly in a/,-type SASP-DNA interaction (13, 24) .
Indeed, SspCQ binds poorly to DNA in vivo and binds only poly(dG) * poly(dC) in vitro, while SSpCA binds no DNAs, either in vivo or in vitro (24) . In contrast, the variants studied in the present work had changes in the GPR cleavage region which is in the center of the protein (Fig. 2) . Although (19) . As observed previously with other SspC variants (15, 24) , we also observed a good correlation between the effects of the SspC variants generated in this work on DNA properties in vivo in E. coli and in B. subtilis, as well as in vitro. Thus, SspCV, which appeared to bind best to E. coli DNA in vivo, was also best at restoring the heat and UV resistance of cx-,-spores. Previous work has shown that the increased sensitivity of cx-,-spores to heat and UV radiation compared with that of wild-type spores is due to an increase in DNA damage in a--spores (2, 21) . In contrast, SSpCDLV, which bound most weakly to DNA in vitro, had essentially no effect on the DNA properties of a-v-spores; SspC L had intermediate effects on DNA properties in vivo and in vitro, in particular in that heat resistance but not UV resistance was restored to a-,Bspores by SSpCDL. Previous work has shown that restoration of a-,B-spore heat resistance takes significantly less functional wild-type a/p-type SASP than does restoration of UV resistance (8) .
